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Tmgential Discontinuities  at High EIeliographic  ]..atitudes (--80°)

C. M. 1101, 11. ‘r. q’surutanil, R. };. Golcisteinl,  J. 1,. Phillips2 and A. Balo{!h3

Abstract. In this study, tangential discontinrrities (TDs)
near -80° heliographic latitude have been studied. Based on
our quantitative definitions, we find that the TDs may
generally be divided into two clear types. There is a distinct
population of Tl)s  small (< 40°) directional changes,
About 19% of all high-latitude TDs are in this category.
lhcse types of 1’1)s are. found at the edges of mirror mode
structures. The latter are presumed to be locally generated
by ion anisotropics,  based on examination of the mirror
mode instability criteria, Another 50’% of high latitude TDs
are associated with large field directional changes (> 600).
These TDs typically are found at the boundary betwan two
streams. The discontinuities  have large normals in the
plane pcrpcodicular  to the background field, as might be
expected for features generated by currents flowing along
the field. These discontinuities usually have larger current
intensities than those of the mirror-mode related TI )s. The
remainder of the discontinuities  have angular changes
which lie in between the mirror-mode-associated and the
current-sheet-associated TL)s.

Introduction
10 a recent study, 7’surufani et al. [1 994] have shown

that there are many directional discontinuities  (I)Ds) at
high latitudes detected by (Jlysses.  In this previous stuciy,
these discontinrrities  were not separated into discontinuity
type (tangential and rotational ciiscontinuities).  While
rotational discontinuities  (RDs) are sharp changes in the
magnetic field direction and are believed to often be the
phase-steepe~; edges of Alfven  waves,  tangential
discontinuities  (TDs)  are often thought of as structures
separating totally different plasma regions [See Fi~ure 25
in Tsurutaui et al., 1996].

Previous studies of tangential discontinuities  have all
been based on data taken at very low heliographic latitudes
[Smith, 1973; Neugebalier  et al., 1984; Lepping  and
Behannon,  1986]. Ulysses offers our first opportunity to
examine TDs at truly middle and high heliographic
latitudes. In this paper we will only focus on the highest
latitude that Ulysses attained.

Because the high heliographic latitude regions are
dominated by large amplitude Alfven waves [Tsurutani et
al., 1994; Smith et al., 1995], and these Alfven waves are
often phase steepened [Tsurutani et al., 1994], we would
expect  a  high rate  of  rotat ional  discontinuities.
Furthermore, at high latitudes, there are no large
strcandstream interaction regions (or stream/stream
interactions with large velocity gradients), due to the nearly
constant solar wind speeds found there [Phillips et al,,
1994]. Also there are very few CMES (coronal mass
ejections) detected at high latitudes [Gosling et al., 1994].
The boundaries of these latter structures are assumed to be
TDs. However, recent studies [Neugebauer et al., 1995;
McComas  et al., 1995] have shown that there are many
small stream/streanl interactions detected in the solar wind
coming from the high latitude corona hole. These small
stream/stream interactions nlay also lead to TDs, Thus, at
present we do not know what to expect for TD occurrence
rates at high heliographic latitudes.
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In this study we will examine TI)’s  occurrence rates,
magnetic field structures and their plasma properties over
the solar pole at the highest latitudes. When possible, we
will also examine their possible generation mechanisms.
This is the first study of 1’1)s  at truly high heliographic
latitudes.

Criteria and Data
In previous studies, varicms  criteria were used to identify

directional discontinuities.  In this stuciy, we first use the
T~urutani rznd .$rnith [1 979] criteria applied to one minute
average magnetic field data. These selection criteria are
lAB1/lBl >0.5, and IBI 228,  where  6 is the value of the
field variance on either side of the DD. To identify clear
tangential discontinuities,  we then use the Srnifh  [1973]
critcria applied to high resolution (ones econd) data: Bn/BL,
< 0.2 and AIB1/BL 2 0.2, where Btl is the normal
component to the discontinuity determined by a minimum
varianceanalysis,  B1, is thel.arger field magnitude one ither
side of the discontinuity, and AIBl is the change of the field
magnitude across the discontinuity. Iy this study we use
the RTN coordinate sy~ter~~,  wJlere_ R is radial direction
fromtheSun, ~= QxR/l QxRl (Q is the solar rotation
axis), and N completes theright-hands ystem.

Using the above criteria, we have examined 15 days of
magnetic field data observed by LJlysses  at the highest
heliographic latitudes of the south polar pass (- -800). Tkle
interval is from day 226 to day 240 of 1994. The radial
distance of the spacecraft from the Sun is -2.4 AU. AS
stated above, we first use a computer code to identify all
directional discontinuities  in the one minrrteaverag edata.
Next, we perform minimum variance analyses using the
highest time resolution data to determine the normal
directions. Finally, the tangential discontinuities  are
identified by the criteria mentioned above. From the 15
days of magnetic field data, we identify 1486 1)1)s. Of
these, 78 are TDs. Thus, the occurrence rate of TDs relative
to DDs is 5.2Y0.

In this study, we only use ion data (proton and alpha
particles) for the construction of plasma beta and
anisotropy. Because electrons are usually quite isotropic,
the main contribution of plasma pressure anisotropy  comes
from ions. The ion data are acquired through a three-
dimensional measurement. The highest time resolution is
four minutes [Bame et al., 1992]. The data include the solar
wind speed, VsW, proton density, NP, alpha density, Na,
proton temperature, Tp and alpha temperature Ta. In order
to study the plasma pressure anisotropy, the ion
temperatures for both proton and alpha particles have been
decomposed into parallel (7’,1) and perpendicular ( 7’1)
components with respect to the background field.

Results
From an analysis of TDs using high resolution field

data in minimum variance coordinates, we find that TDs
generally may bc divided into two types based on their field
structures. Figure 1 gives an example of one type. l’he TD
occurs at 0643:30 UT of day 235. l’he top three panels are
the magnetic field in the minimum variance (MV)
coordinates (Bi, Ilj,  and Bk), where i, j, and k are the
eigenvectors in the maximum, intermediate and minimum
variance directions, respectively. The ratio between first
two adjacent eigenvalues is required to be greater than 5 (to
ensure accurate MV determination;).  The two vertical
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dashed lines bound the region selected for MV analysis.
l’he interval of analysis was chosen such that the full field
magnitude change was detected. 1 f the fielcis on either side
of the cliscontinuity  were free of waves, then an interval
slightly larger than the discontinuity alone was used. The
next three panels  are the magnetic field components shown
in a RTN spherical coordinate system. They are the
magnetic field magnitude, the two angular components, 6,
the polar angle from R-T plane, -and $, the azimuth angle
increasing anti-clockwise from R in the R-T plane. The
next panels are the solar wind proton density, temperature,
speed, and ion beta (~ = 8npth /B2, where the ion thermal
pressure pth includes both proton and alpha particle
pressures). We have also made a correction to the parallel
pressure due to the difference of both beam sj~ceds, even
though this causes only a 1-2,70 increase of parallel
pressure at high latitudes. The bottom panel is the value
R=(~l/ fill)/( 1+1/~1),  which is a measure of ion
temperature anisotropy  for mirror mode instability
(respective to the background field). If R is > 1, mirror
mode growth will occur, and if it less than one, this mode
is stable. A more accurate expression about this criterion
may be found in the studies of Barnes  [1966].

In Figure 1, the magnetic field change mainly takes
place in the i (maximum variance) direction. However, we
note that the Bi does not change its sign (no reversal in
direction). The discontinuity normal mainly points to the
minus N direction with a unit vector (0.59, -0.06, -0.80).
Across this TD, the field increases significantly from 0.4
nT (Bl) to 1.3 nT. The discontinuity appears at onc edge of
a low field region. The field vector has a small angular
change (- 34°) across this discontinuity.

In Figure 1, accompanying an increase in the ]nagnetic
field in the upstream side of the TD, the plasma density
decreases and the temperature slightly decreases. Thus the
proton beta suddenly becomes small from a lmge value (>
10). There is no obvious variation in the solar wind
velocity in this interval. The mirror mode instability value
R is near 1.0 (marginal for growth). Thus, this low field
region has all the characteristics of a mirror mode wave
(that is, high beta, small field angular change and marginal
instability). The Bi value which decreases, but does not
reverse sign is also consistent with a mirror mode
structure. For mirror modes, field decreases and increases
are expected with little change in angle [7kurutani  et d.,
1982]. On the left side of the TD there is a -20 min.
interval with R > 1.0. There are corresponding field
decreases throughout this region.

Figure 2 gives another type of TD observed at high
heliographic latitudes. The TD is detected at 1946:20 lJT,
day 239. The Figure has the same format as Iigure 1.
However, in the minimum variance coordinate system, Bi
has a large change from positive to negative values across
the zero line. This corresponds to a large directional change
(- 11 2°) for the magnetic field across the discontinuity. The
field magnitude decreases from 1.6 nT to 1.0 nT. On
sunward side, the field magnitude is larger, the proton
density (0.38 cm-3) and temperature ( 1.9xl 05 K) are lower,
and solar wind speed (758 km/s is smaller than those in

Jthe downstream side (0.48 cm- , 2.2x105 K, 779 krrds)
respectively. This tangential discontinuity clearly separates
two different plasma media. This is apparently an interface
between two velocity streams. Around this TD the. ion beta
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is quite high (- 4), but the mirier  instability criterion is
constantly low (R - 0.6).

Through a minimum variance analysis, we fincl that the
discontinuity normal  is mainly in the -T direction with a
unit vector (0,38, -0.83, -0.42) in the RTN coordinate
system. We have calculated the current intensity in the
minimum variance coordinate system, From the determined
discontinuity normal direction, we find that the
discontinuity is convected past the spacecraft at 300 kntis.
We next convert temporal changes in Bi and Bj in,to spatial
gradients, and thence to currents in the i and j dll-ections,
We find that the. current sheet associated with the 3’lJ has a
large intensity of 2.OXI  0-10 A/m2 in the j direction.
Because the j direction has a unit vector (-0.88, -0.17,
-0.45) in the RTN coordinate system, the current is mainly
directed in the -R directior~ ill SH coordinates The
background field is found to be near anti-radial di~ected  (-
0.79, -0.25, -0.56). Thus, the current has an angle of -9°
with this background magnetic field. C)ther TDs associated
with strong current sheets have been examined arrd have
been found to have similar features in orientations and
intensities. These currents are probably related to the small
stream and polar plume structures in the high latitude
region. However, our structures have much smaller scale
than those found by McComm et al. [1995].

From the above two examples, we note that one TD
occurs at an edge of a mirror mode structure and the other at
a current sheet. It is natural to frrst determine how often
these two types of TDs occur in our database. We have
drawn these two types of n~agnetic field profiles in F’igure
3. For a mirror mode structure (Figure 3a) the magnetic
field strength has an obvious decrease in the center, but
without field directional changes. The plasma density and
temperature usually show an increase (when plasma data are
available). On both sides of the mirror mode structure, the
field strength is basically the same. The TDs should appear
at the steepest field gradients (on both edges). For a current
sheet structure (Figure 3b), there is usually an obvious
boundary which separates two different plasma regions.
Across the boundary the magnetic field changes the
direction. The plasma ve~ocity, density and temperature can
also have significant changes, In order to identify these two
types of TDs, we will give quantitative definitions as
follows.

We first examine the gross-scale magnetic fields in the
vicinity of the discontinuity to see if the discontinuity is
related to mirror-mode structures. We define a mirror mocle
structure to have a symmetrical or quasi-synmletrica]  “large
scale” field structure. On both sides of the magnetic
depression, the field strength should be the same within
20%. Both of the magnetic angular components (8, $) will
be defined to have changes of less than 30°, The magnetic.
field troughs in the mirror mode structure will have a width
less than 10 min. Secondly, we also examine all gross-
scale plasma parameters to determine if the TI) is a
boundary separating two different plasma regions. Across
the boundary, we search for the following features: 1)
velocity changes > 15 km/s, 2) density and temperature
changes > 15?10 and 3) magnetic field directional changes >
60” in any one of two magnetic angular components in less
than 10 min. If all of these criteria are met, we will define
this structure as a current sheet. As a reference, we also
examine the ion beta and pressure anisotropy. From this
examination we find that 54 of 78 TIJS may be classified as
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the two groups. The remainder of the discontinuities  have
properties intermediate between the two groups.

We find that 15 1“1>s  are associated with clear mirror-
mode structures. These discontinuities  often appear at the
edges of the mirror-mock structures. Thus, these 1’1>s occur
typically in pairs with a few of minutes separation betweal
thcm, The magnetic field Bi does not reverse the sign (that
is, IIOt cross the zero line) in the MV coordinate system
consistent with the picture of “ballooning” for these
magnetic/plasma structures [Tsurutani  et al., 1982]. We
also find that most (- 70%) of these discontinuities  are
associated with or close to regions of large ion pressure
anisotropies.

Another type of TD is the current-sheet-associated TD.
39 TDs in this study have clear current sheet associated
properties. This type of discontinuity is most likely an
interface between two streams, The TDs are usually
associated with strong currents in the range from 8.5x10“”1 i
to 3.5x1 0-10 A/m2. This is an orcler of magnitude greater
than the currents associated with TDs near mirror-modes.
The currents are typically oriented along the radial ciirection
from the Sun. They are associated with obvious solar wind
velocity gradients. ‘Ike maximum variance field cornporlent
reverses sign across the discontinrrities.

The remaining 24 TDs have field and plasma properties
that are not as easily categorized, One possibility is that
they are a mixture of both mirror-mode-associated and
current-sheet-associated TDS or are of a totally different
type. They do not have the field structure typical of the
mirror-mode related events discussed above. They also do
not reverse their field direction in B1 as the clear current-
sheet TDs do. The detailed structure and the generation
mechanism of these TDs remain to be investigated.

In Figures 4a and 4b we show the three types of TDs
using their directional change distribution, We calculate the
d~ectional c~aages of magnetic field vectors across the TD
( Bl and B2) us ing one min.  resoluti_on  -data. The
directional change is given by 8 = Cos-l  B1 ● B2/1 111 IIB21.
1’Ds  have a wide range of angular distribution fron, 10° to
160°. The mirror-mode-associated ‘11)s have small angular
changes, while most current-sheet-associated TDs have
]argc directional changes as shown in Figure 4a. The
remaining Tl)s  have directional changes in between the
two. Thus, the three types of TI)s are very well separated
in angular change. In Figure 4b, the mirror-mode
instability index R has a general decreasing trend with
increasing angles. This shows that the defined mirror -mode
structures are most likely generated by large temperature
anisotropics.

Summary and Discussion
From 1486 directional discontinrrities  identified within

the 15 days of magnetic field data, we find 78 tangential
discontiuuities.  The TD occurrence rate is 5.270 relative tc)

all discontinuities.  These TDs may generally be divided
into two clear groups: mirror-mode-associated TDs and
current-sheet-associated TDs. There are also TDs with
properties intermediate between these two types. Mirror
mode-associated TDs have small directional change (< 40°)
across the discontinuity. They usually appear in pairs, at
edges of mirror mode structures, hlirror-rnode-associated
TDs comprise -19% of all TDs in the high heliographic
latitude regions. The current-sheet-associated 1’Ds have
large directional changes (> 600), They are usually

5



.
,.

.,.

,’

associated with velocity gradients and currents oriented in
the radial drection.  The third type of Tl)s have intermediate
angular distribution (30° > 0 > 10OO). They have some
mixed features of the above two clear types of TDs.

When both plasma beta and the anisotropy are large
(larger ~ requires less anisotropy), the mirror mode will go
unstable. By examining ion beta and the ion anisotropy,
we find that all 15 mirror-mode associated TDs are
associated with large beta (> 4.0). Eight of them occur
when the instability index R is greater than 1,0 and are
associated with gradu:il (positive.) gradients of solar wind
speeds. In contrast, wc only find that 3 cases out of all 39
current sheet-related TDs are associated with R >1.0. There
is a general trend for R to decrease with increasing
directional changes across TDs. Thus we propose that these
mirror-mode-associated events are locally created. }~or those
mirror mode structures associated with small velocity
gradients, it is possible that the mirror mode growth has ~
decrease gradients that previously existed.

We find that the rate of obvious TDs to all DDs is
s.z~.,  very similar to that in the ecliptic plane (2.5 to
12.7%, Smith, 1973; Neugebauer  et al., 1984; Lepping
and Behannon,  1986). Clearly at high latitudes we do not
have TDs associated with CMES and HCS crossings.
However, since the high latitude and low latitude Tf)
percentages are similar, it would be very interesting to
know what types of TDs occur in the ecliptic plane. We
will study this in the near future.
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Figure 1. An example of mirror mode-related ‘I’D. ‘J’here is
small field directional change across the Tf). The Tf) appears
at the edge of a mirror mode structure which is generated due to
pressure anisotropy.

Figure 2. A case of current sheet-reli]ted TD. The TD separates
two different plasma media. A solar wind velocity gr~dient is
responsible for the generation of this type of I’D.

Figure 3. I’wo types of magnetic structures which are
associated with simple lDs. a) A mirror mode structure has
two TDs in both sides of edges, while b) a current sheet-
related TD separates two different plasma region.

Figure 4. Three types of TDs and their angular change
distribution. a) The mirror mode-related TDs have small
directional changes and b) high temperature anisotropies,
while the current sheet-related TDs have large directional
changes and low anisotropics.
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